INTRODUCTION
============

Inflammatory immune response is one of first lines of defense against pathogens that involve various immune cells such as neutrophils, monocytes, and macrophages ([@ref1]). However, dysregulated and chronic activation of inflammatory immune responses can result in various diseases including cancers ([@ref2]). Macrophages are principal cells that contribute to the inflammation process by producing various pro-inflammatory mediators such as cytokines ([@ref3]). Elucidation of cellular devices to control expression of inflammatory mediators can provide novel molecular targets against various inflammatory diseases.

Histone deacetylase 6 (HDAC6), a member of the class IIb HDACs, plays an important role in inflammatory immune responses ([@ref4], [@ref5]). Growing evidences suggest that HDAC6 is a critical player in mediating immune responses upon stimulation with various microbial products, such as lipopolysaccharide (LPS), *Clostridium difficile* toxin A, and HIV-1 Tat ([@ref4],[@ref6]-[@ref8]). Deacetylase activity of HDAC6 has also been shown to be involved in LPS-induced activation of macrophages ([@ref4]) and macrophage infiltration in a mouse model of acute peritonitis ([@ref5]). TLR4 stimulation with LPS can induce the activation of nuclear factor-kappa B (NF-κB) and activator protein-1 (AP-1) signaling cascades, leading to expression of pro-inflammatory mediators including cytokines in macrophages ([@ref9]). It has been reported that HDAC6 is a master regulator of the expression of pro-inflammatory mediators by modulating NF-κB and AP-1 axis in macrophages ([@ref10]).

MicroRNAs (miRNAs) are involved in various biological activity by silencing specific target messenger RNAs. Among them, miR-22 has been reported to be able to regulate innate immune responses by regulating production of inflammatory cytokines in several studies ([@ref11]-[@ref13]), suggesting its pro-inflammatory activity. Overexpression of miR-22 can suppress TLR3-mediated expression of pro-inflammatory cytokines via inhibition of interferon regulatory factor-3 and NF-κB by targeting mitochondrial antiviral signaling protein (MAVS) in glial cells ([@ref11]). Overexpression of miR-22 can exert protective effects against myocardial and cerebral ischemia-reperfusion injury by down-regulating inflammatory cytokines ([@ref12], [@ref13]). However, miR-22 is involved in Th17 responses by targeting HDAC4 in lung myeloid dendritic cells of smokers ([@ref14]), suggesting its pro-inflammatory activity. Taken together, these studies suggest that miR-22 can exert anti-inflammatory or pro-inflammatory activities depending on cell type and stimulus.

After screening selected miRNAs targeting HDAC6, several miRNAs including miR-22 were found to be putative regulators of HDAC6 in this study. We focused on miR-22 in the present study due to its immunomodulatory activity ([@ref11], [@ref13]). Whether HDAC6 might be a candidate target of miR-22 during TLR4-mediated immune responses was then investigated. The role and mechanisms of miR-22 in LPS-induced expression of pro-inflammatory cytokines in macrophages were also explored. Our results revealed that LPS stimulation increased HDAC6 expression with concomitant downregulation of miR-22 in macrophages. Luciferase reporter assays revealed that HDAC6 is a bona fide target site of miR-22. Using miRNA-22 mimic and inhibitor, it was demonstrated that miR-22 could downregulate LPS-induced cytokines TNF-α, IL-1β, and IL-6 via suppression of NF-κB and AP-1 axis by targeting HDAC6 in macrophages.

RESULTS
=======

Suppression of miR-22 expression with concomitant upregulation of HDAC6 in LPS-stimulated macrophages
-----------------------------------------------------------------------------------------------------

Previous studies have revealed that HDAC6 is involved in the immune response to bacterial and viral infection ([@ref6], [@ref15]). In addition, HDAC6 is a master regulator of the expression of pro-inflammatory mediators in macrophages ([@ref10]). To find out regulatory mechanisms involved in HDAC6-mediated immune responses, microRNAs that could target HDAC6 were screened. Using TargetScan, a miR target prediction database, miR-22 was found to be a putative regulator of HDAC6. Supporting this notion, recent studies have reported that overexpression of miR-22 can reduce the level of HDAC6 protein by targeting 3'UTR of HDAC6 mRNA ([@ref16], [@ref17]). Thus, there might be a possible correlation between HDAC6 and miR-22 in LPS-stimulated macrophages. To examine the expression pattern of HDAC6 and miR-22 upon LPS stimulation, RAW 264.7 cells were treated with LPS and then levels of miR-22 and HDAC6 expression were analyzed by qRT-PCR and Western blot. As shown in [Fig. 1A](#F1){ref-type="fig"}, the level of miR-22 was decreased, while the level of HDAC6 mRNA was increased in a dose-dependent manner in LPS-stimulated RAW 264.7 cells. Similarly, LPS stimulation increased HDAC6 protein expression with concomitant decrease of acetylated α-tubulin in RAW 264.7 cells ([Fig. 1A](#F1){ref-type="fig"}). These results suggest a reverse correlation between HDAC6 and miR-22 in LPS-stimulated macrophages.

HDAC6 is a direct target gene of miR-22 in macrophages
------------------------------------------------------

According to computational analysis, HDAC6 has a 7-nt seed region which is complementary to miR-22 within its 3'UTR ([Fig. 1B](#F1){ref-type="fig"}). To determine whether HDAC6 is a direct target of miR-22, we cloned wild type- or mutant 3'UTR of HDAC6 into a luciferase reporter and then performed luciferase reporter assays in RAW 264.7 cells. Cells were transfected with wild type or mutant HDAC6-3'UTR luciferase reporter plasmid and a miR-22 mimic or inhibitor. Overexpression of miR-22 decreased luciferase activity comparing to control group, while inhibition of miR-22 increased luciferase activity ([Fig. 1C](#F1){ref-type="fig"}). However, these effects were not observed when cells were transfected with mutant HDAC6-3'UTR luciferase reporter plasmid. These results suggest that 3'UTR of HDAC6 is a bona fide target site of miR-22 in macrophages.

Effects of miR-22 on LPS-induced HDAC6 expression and subsequent acetylated α-tubulin in macrophages
----------------------------------------------------------------------------------------------------

Based on our finding that miR-22 directly targets HDAC6, we further examined the HDAC6 mRNA level. The decreased and increased HDAC6 mRNA levels were noted in the cells transfected with miR-22 mimic and miR-22 inhibitor, respectively, without LPS stimulation, suggesting that HDAC6 expression can be regulated by both mRNA degradation and translational repression ([Fig. 2A and 2B](#F2){ref-type="fig"}). We next investigated the effect of miR-22 on LPS-induced HDAC6 expression and acetylated α-tubulin levels. Transfection of miR-22 mimic significantly inhibited LPS-induced level of HDAC6 mRNA ([Fig. 2A](#F2){ref-type="fig"}). MiR-22 inhibitor further increased LPS-induced HDAC6 mRNA level ([Fig. 2B](#F2){ref-type="fig"}). Similar to this result, miR-22 mimic significantly inhibited LPS-induced HDAC6 protein expression, with concomitant recovery of reduced level of acetylated α-tubulin ([Fig. 2C](#F2){ref-type="fig"}). However, miR-22 inhibitor further increased LPS-induced HDAC6 protein expression ([Fig. 2D](#F2){ref-type="fig"}).

Effects of miR-22 on LPS-induced activation of NF-κB and AP-1 in macrophages
----------------------------------------------------------------------------

Both NF-κB and AP-1 are major transcriptional factors participating in inflammatory immune responses upon LPS stimulation ([@ref9]). Therefore, we next investigated effects of miR-22 on signaling cascades leading to NF-κB and AP-1 activation. As shown in [Fig. 3A](#F3){ref-type="fig"}, miR-22 overexpression reduced LPS-induced NF-κB p65 phosphorylation and restored LPS-induced IκBα degradation in macrophages. We also observed that miR-22 inhibition further amplified effects of LPS on NF-κB p65 phosphorylation and IκBα degradation ([Fig. 3A](#F3){ref-type="fig"}). Similarly, miR-22 mimic inhibited LPS-induced c-Jun phosphorylation, while miR-22 inhibitor further increased LPS-induced c-Jun phosphorylation ([Fig. 3B](#F3){ref-type="fig"}). In addition, LPS-induced promoter activities of NF-κB ([Fig. 3C](#F3){ref-type="fig"}) and AP-1 ([Fig. 3D](#F3){ref-type="fig"}) were alleviated by miR-22 mimic, but further increased by miR-22 inhibitor. These data suggest that miR-22 can modulate TLR4-mediated immune response by targeting NF-κB and AP-1 signaling cascades.

Effects of miR-22 on LPS-induced expression of pro-inflammatory cytokines in macrophages
----------------------------------------------------------------------------------------

We next investigated the involvement of miR-22 in expression of pro-inflammatory cytokines such TNF-α, IL-1β, and IL-6 in LPS-stimulated macrophages. Cells were transfected with miR-22 mimic or miR-22 inhibitor followed by LPS stimulation. Expression levels of TNF-α, IL-1β, and IL-6 were then evaluated by RT-qPCR and ELISA. As shown in [Fig. 4](#F4){ref-type="fig"}, miR-22 mimic significantly decreased expression levels of TNF-α, IL-1β, and IL-6 at both mRNA ([Fig. 4A](#F4){ref-type="fig"}) and protein ([Fig. 4B](#F4){ref-type="fig"}) levels, while miR-22 inhibitor further increased levels of these cytokines. Therefore, these studies provide evidence that miR-22 could inhibit LPS-induced expression of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 by modulating HDAC6-NF-κB/AP-1 signaling pathways in macrophages ([Fig. 4C](#F4){ref-type="fig"}).

DISCUSSION
==========

HDAC6 is an important regulator in inflammatory responses upon stimulation with various bacterial and viral products ([@ref4],[@ref6]-[@ref8]). HDAC6 contributes to the production of inflammatory mediators by modulating NF-κB/AP-1 axis in macrophages ([@ref10]). Therefore, regulatory strategies targeting HDAC6 provide a rationale to develop novel molecular therapeutics against various inflammatory diseases.

miRNAs play a role as central modulators of immune responses against various pathogens by regulating production of inflammatory mediators ([@ref18]). In the present study, we screened several miRNAs targeting HDAC6 using TargetScan, and found that some miRNAs were putative regulators of HDAC6. MiR-22 has been reported to possess immunomodulatory activity ([@ref11], [@ref13]). Therefore, it was chosen for the present study. We observed an inverse correlation between HDAC6 and miR-22 in LPS-stimulated macrophages. Our results showed that 3'UTR of HDAC6 was a bona fide target site of miR-22 in macrophages. Experiments using miRNA-22 mimic and inhibitor revealed that miR-22 could regulate LPS-induced expression of pro-inflammatory cytokines by targeting HDAC6-NF-κB/AP-1 axis in macrophages ([Fig. 4C](#F4){ref-type="fig"}).

Several studies have suggested the presence of an inverse correlation between HDAC6 and miR-22 expression in various biological processes ([@ref16], [@ref17], [@ref19], [@ref20]). For example, inverse correlation between HDAC6 and miR-22 has been reported in several types of cancer tissues and cells including cervical cancer and cholangiocarcinoma ([@ref19], [@ref20]). Inverse relationship between HDAC6 and miR-22 expression has also been observed in osteogenic and adipogenic differentiation of human adipose-tissue-derived mesenchymal stem cells (hADMSCs) ([@ref16], [@ref17]). In the present study, we also observed a significant reverse correlation between HDAC6 and miR-22 expression in LPS-stimulated macrophages. Taken together, these results suggest that the inverse regulation of HDAC6 and miR-22 might play important roles in various biological processes.

Growing evidences suggest that miR-22 can directly regulates expression levels of HDAC6 in various biological contexts. It has been reported that miR-22 can decrease HDAC6 protein level by targeting its 3'UTR, resulting in the regulation of adipogenic/osteogenic differentiation of hADMSCs ([@ref16]). In a cellular model of osteogenic differentiation, it has been shown that miR‐22 can suppress HDAC6 protein expression by targeting its 3'UTR in human periodontal ligament stem cells, thus affecting the osteogenic differentiation process ([@ref17]). In addition, miR-22 can down-regulate the level of HDAC6 mRNA by targeting its 3\'UTR in cervical cancer cells by acting as a tumor suppressor ([@ref19]). Taken together, these results suggest that HDAC6 is one of target genes of miR-22.

MiR-22 may regulate innate immune responses via various distinct mechanisms. Previous studies reported that miR-22 plays a critical roles in innate immune responses by directly targeting an inflammatory mediator or regulating signaling pathways involved in the production of inflammatory mediators ([@ref21]-[@ref23]). It has been shown that miR-22 can downregulate p38 protein expression by directly binding to the 3'UTR of its mRNA, thus interfering with IL-6 production and Th17 differentiation derived by dendritic cells ([@ref21]). In addition, miR-22 mediates vascular inflammation by targeting ICAM-1 mRNA in endothelial cells ([@ref22]). It has been shown that miR-22 is involved in inflammatory response by targeting MCP-1 mRNA in peripheral blood mononuclear cells ([@ref23]). Along with our data showing that miR-22 downregulates LPS-induced expression of pro-inflammatory cytokines by targeting HDAC6, these results suggest that miR-22 plays a critical role in modulating innate immune responses.

Elucidation of the molecular mechanisms by which miRNAs regulate inflammatory immune responses can provide the insight into strategies for developing therapeutic targets against inflammatory diseases. Our present study reveals the evidence that miR-22 can inhibit LPS-induced inflammatory response by modulating HDAC6-NF-κB/AP-1 axis, leading to suppression of pro-inflammatory cytokines in macrophages.

MATERIALS AND METHODS
=====================

Reagents
--------

Antibodies against acetylated α-tubulin, phosphor-p65, IκBα, and phosphor-c-jun were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against β-actin and HDAC6 were obtained from Cell Signaling Technology (Beverly, MA, U.S.A.). Oligonucleotide primers for HDAC6, miR-22, TNF-α, IL-1β, IL-6, and β-actin) were obtained from commercially (Bioneer, Seoul, Korea). Lipopolysaccharide (LPS, *Escherichia coli* 0127:B8) was purchased from Sigma (St. Louis, MO, USA).

Cell culture
------------

RAW 264.7 murine macrophages were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and grown in Dulbecco's modified Eagle's medium (Gibco Laboratories, NY, USA) supplemented with 10% fetal bovine serum (Hyclone, Victoria, Australia) and antibiotics (100 U/ml penicillin G, 100 μg/ml streptomycin, Gibco Laboratories, NY, USA) at 37°C in a humidified incubator containing 5% CO~2~ and 95% air ([@ref9]).

Western blot analysis
---------------------

Cell lysates were prepared using a buffer containing 125 mM Tris-HCl pH 6.8, 2% SDS, 10% v/v glycerol. The protein concentrations of the cell lysates were determined using a Bradford assay kit (Bio-Rad, Hercules, CA, USA). Thirty micrograms of proteins were subjected to 10% SDS-PAGE, and transferred to nitrocellulose membranes. The blots were probed with the primary antibody against the target protein at 4°C overnight, followed by incubation with the horseradish peroxidase (HRP)-conjugated secondary antibody (1:10,000 dilution) for 2 h at room temperature. The antibody-reactive bands were visualized by a chemiluminescence kit (Amersham Life Sciences, Parsippany, NJ, USA) ([@ref24]).

Real-time reverse transcription-polymerase chain reaction (RT-PCR) analysis
---------------------------------------------------------------------------

Total cellular RNA from cells was isolated using a Trizol reagent kit (Invirogen, Gaithersburg, MD, USA). Two micrograms of total RNA were reverse-transcribed into cDNA using 10,000 U of reverse transcriptase and 0.5 μg/μl oligo-(dT)~15~ primer (Promega). The resulting cDNA was analyzed by quantitative PCR using iQ^TM^ SYBR^Ⓡ^ Green Supermix (BIO-RAD, Hercules, CA, USA) with the following primer sets. Primer sequences were as follows: TNF-α sense, ACA AGC CTG TAG CCC ACG; TNF-α antisense, TCC AAA GTA GAC CTG CCC; IL-6 sense, CAA GAA AGA CAA AGC CAG AGT CCT T; IL-6 antisense, TGG ATG GTC TTG GTC CTT AGC C; IL-1β sense, TGC AGA GTT CCC CAA CTG GTA CAT C; IL-1β antisense, GTG CTG CCT AAT GTC CCC TTG AAT C; β-actin sense, AGT GTG ACG TTG ACA TCC GTA AAG A; and β-actin antisense, GGA CAG TGA GGC CAG GAT GG. PCR amplification and analysis of PCR products were carried out as previously described ([@ref10]).

Construction of luciferase reporter plasmids and luciferase reporter assay
--------------------------------------------------------------------------

In order to analyze the effects of miRNA-22 on the mRNA levels of HDAC6, luciferase reporter plasmids carrying a wild-type or mutant binding sequences in 3'UTR of HDAC6 (accession number NM_001130416; the entire length is 349 bp) were constructed based on the psiCHECK^TM^-2 vector (Promega, Madison, WI, USA) using the following primers, as previously described ([@ref25]). Primer sequences were as follows: HDAC6 3'UTR, sense 5'-ATA TGC GAT CGC ACT CAC ACT AAA TCC CAG AC-3', and antisense 5'-ATT AGC GGC CGC CAG GTT TTG TAG CAA CTC CAA-3'; HDAC6-MUT, sense 5'-TGA GGC CAC AGG CAG GGC CCA ATA GTT CAC-3', and antisense 5'-GTG AAC TAT TGG GCC CTG CCT GTG GCC TCA-3'. RAW 264.7 cells were seeded at a density of 3 × 10^5^ cells/ml in a 6-well plate. After 24 h of incubation, cells were co-transfected with HDAC6-3'-UTR luciferase reporter plasmid and a miR-22 mimic or inhibitor using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, USA) according to manufacturer's instructions. The levels of luciferase expression were analyzed using the Dual Luciferase Reporter Assay System (Promega, Madison, WI, USA) following the manufacturer's instructions. To analyze NF-κB or AP-1 promoter activity, transient transfection into cells were performed with pNF-κB-luc or AP-1-luc vector (Stratagene, La Jolla, CA, USA) and pCMV-β-galactosidase vector (Clontech, Mountain View, CA, USA), as previously described ([@ref9]).

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

Culture media were harvested and the protein levels of TNF-α, IL-1β, and IL-6 in the culture medium were measured using an ELISA kit (R&D systems, Minneapolis, MN, USA), according to the manufacturer\'s instructions ([@ref26]) .

Statistical analysis
--------------------

Results are presented as the mean ± standard deviation (SD) from three independent experiments. Statistical analysis was performed by one-way analysis of variance, followed by Bonferroni's test using SigmaPlot 10.0 software (SYSTAT Software Inc, Chicago, IL, USA). Differences were considered significant at \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.001.
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![Reverse correlation between HDAC6 and miR-22 in LPS-stimulated macrophages and HDAC6 as a direct target gene of miR-22. (A) RAW 264.7 cells were exposed to LPS at various doses for 3 h (for mRNA) or 24 h (for protein). Total RNA was extracted from cells and analyzed for mRNA of HDAC6, miR-22, and β-actin by quantitative RT-PCR using specific primers. Data are shown as mean ± SD of three independent experiments. \*\*P \< 0.01, \*\*\*P \< 0.001, as compared to control cells. Cell lysates were prepared and analyzed for protein expression of HDAC6, acetylated α-tubulin, and β-actin by Western blotting. (B) Schematic representation showing the luciferase reporter carrying wild type or mutant 3'UTR (untranslational region) of HDAC6 and the location of putative miR-22 binding sites in the 3'UTR of HDAC6 mRNA. (C) RAW 264.7 cells were co-transfected with luciferase reporter plasmids and miR-22 mimic or anti-miR-22 at 50 nM concentration. 24 h post-transfection, luciferase activities were evaluated using dual-luciferase assays and expressed as fold induction over the control (vehicle alone). Data are presented as mean ± SD of three independent experiments. \*\*\*P \< 0.001, ^†††^P \< 0.001, as compared to the cells treated with vehicle alone.](BMB-53-223-f1){#F1}

![The effect of miR-22 on LPS-induced HDAC6 expression and subsequent acetylated α-tubulin in macrophages. RAW 264.7 cells were transfected with miR-22 mimic (A) or anti-miR-22 (B) at 50 nM concentration. 24 h post-transfection, cells were stimulated with LPS (100 ng/ml) for 3 h. Total RNA was analyzed for mRNA level of HDAC6 and β-actin by qRT-PCR. Data are shown as mean ± SD of three independent experiments. \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.001, as compared to the cells treated with vehicle alone. Cells transfected with miR-22 mimic (C) or anti-miR-22 (D) were stimulated with LPS (100 ng/ml) for 24 h. Cell lysates were analyzed for protein levels of HDAC6, acetylated α-tubulin, and β-actin by Western blotting.](BMB-53-223-f2){#F2}

![The effect of miR-22 on LPS-induced activation of NF-κB and AP-1 in macrophages. RAW 264.7 cells were transfected with miR-22 mimic or anti-miR-22. 24 h post-transfection, cells were stimulated with LPS (100 ng/ml) for 1 h. Whole cell lysates were prepared and analyzed for phosphor-p65 (p-p65) and IκBα (A) or phosphor-c-Jun (p-c-Jun) (B) by Western blotting using indicated antibodies. Cells were transiently co-transfected with a NF-κB (C) or AP-1 (D) promoter-luciferase plasmid and miR-22 mimic or anti-miR-22. After 24 h, the transfected cells were stimulated with LPS for 24 h, and the luciferase activity was measured. Luciferase activities were normalized to the β-galactosidase activities and expressed as fold induction over the control (vehicle alone). Data are presented as mean ± SD of three independent experiments. ^†^P \< 0.05, \*\*\*P \< 0.001, ^†††^P \< 0.001, as compared to the control cells treated with vehicle alone.](BMB-53-223-f3){#F3}

![The effect of miR-22 on LPS-induced expression of pro-inflammatory cytokines in macrophages. RAW 264.7 cells were transfected with miR-22 mimic or anti-miR-22. 24 h post-transfection, cells were stimulated with LPS (100 ng/ml) for 3 h (for mRNA expression) or 24 h (for protein expression). Total RNA was analyzed by quantitative RT-PCR (A). Culture media of cells were collected and assayed for TNF-α, IL-1β, and IL-6 by ELISA (B). Data are shown as mean ± SD of three independent experiments. \*\*P \< 0.01, ^††^P \< 0.01, \*\*\*P \< 0.001, as compared to the control cells treated with vehicle alone. (C) Schematic diagram showing negative regulation of miR-22 on LPS-induced inflammatory response. Up-regulation of miR-22 decreases LPS-induced HDAC6 expression, and subsequent activation of NF-κB and AP-1, leading to suppression of production of pro-inflammatory chemokines, such as TNF-α, IL-1β, and IL-6, in macrophages.](BMB-53-223-f4){#F4}
